The interactions with the pulmonary surfactant, the initial biological barrier of respiratory pathway, determine the potential therapeutic applications and toxicological effects of inhaled nanoparticles (NPs). Although much attention has been paid to optimize the physicochemical properties of NPs for improved delivery and targeting, shape effects of the inhaled NPs on their interactions with the pulmonary surfactant are still far from clear. Here, we studied the shape effects of NPs on their penetration abilities and structural disruptions to the dipalmitoylphosphatidylcholine (DPPC) monolayer (being model pulmonary surfactant film) using coarse-grained molecular dynamics simulations. It is found that during the inspiration process (i.e., surfactant film expansion), shape effects are negligible. However, during the expiration process (i.e., surfactant film compression), NPs of different shapes show various penetration abilities and degrees of structural disruptions to the DPPC monolayer. We found that rod-like NPs showed the highest degree of penetration and the smallest side-effects to the DPPC monolayer. Our results may provide a useful insight into the design of NPs for respiratory therapeutics.
respiratory therapeutics, balances between their ability to deeply penetrate lung structures and the potential side-effects of NPs need to be fully studied.
As we all know, much attention has been paid to study the interactions between NPs and cellular interfaces [14] [15] [16] [17] [18] [19] [20] [21] . Different physicochemical properties of NPs such as size, shape, surface chemistry, roughness and surface coatings have been widely considered. Among these properties, the shape has attracted much attention for its roles in NP adhesion [22] [23] [24] , cell penetration [25] [26] [27] [28] [29] [30] , drug delivery [31, 32] and preferential targeting [33, 34] . The shape of NPs may promote or impair their applications in respiratory therapeutics [35] . Hence, it is of great importance to study the pulmonary interactions with NPs of different shapes.
In this paper, we focus on the interactions between NPs of different shapes and the pulmonary surfactant (PS), which lines the entire alveolar surface and serves as the first biological barrier for particle translocation after inhalation. The PS maintains normal respiratory mechanics by reducing alveolar surface tension at the air-liquid interface and thus prevents the lung from collapsing at the end of expiration [30] . The PS consists of approximately 10% proteins and 90% lipids, with dipalmitoylphosphatidylcholine (DPPC) being the most abundant single lipid component for most mammalian species. Being the primary surface active component in the PS, the DPPC monolayer at the air-water interface has been widely used as a model PS system both in in-vitro experiments [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and in molecular dynamics simulations [40] [41] [42] [43] [44] [45] [46] .
Hence, we performed coarse-grained molecular dynamics simulations to study the interactions between NPs of different shapes and a DPPC monolayer at the air-water interface during the compression and expansion processes that simulate a respiration cycle. Three NP shapes were studied. For the purpose of comparison, all three shapes were approximated from a model cylinder with varying aspect ratios (length/diameter, l/d): rod (l/d > 1), barrel (l/d = 1) and disk (l/d < 1). For each shape, we studied two sizes
Simulation details
A bi-monolayer system, which has been validated by many researches [40] [41] [42] [43] [44] [45] [46] , was used to probe the interactions between the inhaled NPs and the DPPC monolayer. The air space was represented by vacuum. Our bi-monolayer system consisted of 2 × 1,024 DPPC molecules and 82,944 CG water molecules. The normal of these two monolayers was set as the z-axis of the simulation system. After performing compression and expansion simulations, we extracted two frames from the resulting trajectories: one (averaged area per lipid A av = 0.64 nm 2 , liquid-expanded (LE) phase [50] , box: 25.58 nm × 25.58 nm × 40 nm) as the initial conformation of the compression simulations for NP-DPPC monolayer systems; the other (A av = 0.47 nm 2 , liquid-condensed (LC) phase [50] , box: 22.01 nm × 22.01 nm × 40 nm) as the initial conformation of the expansion simulations. The NPs were placed in the vacuum of these two frames near the DPPC monolayer to mimic the state of NP deposition onto the DPPC monolayer, followed by the compression and expansion simulations. Each of these simulations was performed with a time scale as long as 2.0 μs.
For all simulations, a cutoff of 1.2 nm was used for van der Waals (vdW) interactions, and the LJ potential was smoothly shifted to zero between 0.9 and 1.2 nm to reduce the cutoff noise. For electrostatic interactions, the Coulombic potential, with a cutoff of 1.2 nm, was smoothly shifted to zero from 0 to 1.2 nm. The relative dielectric constant was 15, which was the default value of the force field [48] . Lipids, water and the NPs were coupled separately to Berendsen heat baths at T = 310 K [51] , with a coupling constant τ = 1 ps. The monolayer compression was simulated using semi-isotropic pressure coupling (Berendsen coupling scheme [51] , coupling constant of 4 ps, compressibility in the lateral direction of 5 × 10 −5 bar −1 and in the normal direction of zero). Each of the simulations was performed for 2.0 μs with a time step of 20 fs. The neighbor list for non-bonded interactions was updated every 10 steps. Snapshots of the simulation system in this paper were all rendered by VMD [52] . All simulations were performed with the GROMACS simulation package [53] .
RESULTS

NP-DPPC monolayer interactions during the compression process
We first simulated the particle translocation through the DPPC monolayer during the compression process (Fig.  1) . NPs of three different aspect ratios initially contact the DPPC monolayer at the LE phase from the air phase to mimic the cases of inhaled NPs. We found that all hydrophobic NPs can tightly immerse in the hydrophobic region of the DPPC monolayer during the whole compression process. However, rod NPs seldom disrupt the DPPC monolayer, while barrel NPs and disk NPs induce large structural disruptions of the DPPC monolayer. Generally, hydrophilic NPs tend to penetrate the DPPC monolayer. However, larger disk NPs and barrel NPs encounter increased difficulties in crossing the DPPC monolayer, and they may even disrupt the structure of the DPPC monolayer.
We also consider the case that NPs adsorb onto the DPPC monolayer at a different stage of compression process (LC-LE phase, a more condensed state compared with the LE phase shown in Fig. S1 ). We use these two compression processes to simulate the interactions of NPs with the pulmonary surfactant at different stages of the exhalation process. During the LC-LE→LC compression process, almost all NPs cannot penetrate across the DPPC monolayer. This may be ascribed to the fact that the monolayer becomes too condense to penetrate before the NPs rotate properly. The NPs' behaviors between these two processes are quite different. The NPs rotate themselves to have the maximum contact area with the DPPC monolayer. When the NPs adsorb onto the DPPC monolayer, they will change the local properties of lipids [49] , which may initiate the structural disruption of the lipid monolayer. The contact area and how fast NPs rotate to get the maximum contact area both affect the disruption degree. Barrel NPs have the largest contact area and can quickly reach the maximum contact area, because they are closest to the isotropic. Rod NPs have the smallest contact area, and disk NPs are something in between. This may explain why the degrees of disturbance to the DPPC monolayer structure are in order: barrel NP > disk NP > rod NP.
Both in-vitro experiments [35] [36] [37] [38] [39] and computer simulations [40] [41] [42] [43] [44] [45] [46] have confirmed that the phospholipids of PS undergo surface phase transition during the compression-expansion cycles. During film compression, phospholipid monolayers undergo surface phase transitions from a "fluid-like" LE phase to a "solid-like" LC phase, which is opposite to the direction of phase transition during film expansion. Phospholipid phase transition and separation have been proven to play an important role in regulating the biophysical function of PS film [36, 38] . Hence, we monitored the changes of order parameters of the interfacial DPPC molecules at the air-water interface during the compression processes (LE→LC and LC-LE→LC). Without NPs, the pure DPPC monolayer becomes more condensed during the compression process, and order parameter of the interfacial DPPC tails increases (Green line in Fig. 2) , which is defined as normal phase transition during the compression process. As shown in Fig. 2 , the increasing trends of the order parameter are inhibited in many cases, in which NPs all cause large structural disruption to the lipid monolayer. In other words, the large structural disruptions of the DPPC monolayer caused by NPs are always accompanied by normal phase transition of the interfacial DPPC molecules.
NP-DPPC monolayer interactions during the expansion process
To study the interactions of NPs with model PS during inhalation (i.e., film expansion), we simulated NP translocation across the DPPC monolayer during the expansion process. The NPs were firstly placed near the DPPC tails in the air phase. As shown in Fig. 3 , all NPs show little or no effects on the structure of the DPPC monolayer, except that hydrophobic barrel NPs cause slight disruptions to the DPPC monolayer. All hydrophobic NPs immerse themselves into the hydrophobic tails of DPPC molecules, while all hydrophilic NPs could penetrate the DPPC monolayer and adsorb onto the hydrophilic head-groups of DPPC molecules. By analyzing the corresponding order parameter of lipid tails (Fig. 4) , we find that all NPs we considered show little or no influences on the normal phase transition of interfacial DPPC molecules during the expansion process (LC phase to LC-LE phase, to LE phase). We also considered NPs initially adsorb onto the DPPC monolayer of a different stage (LC-LE phase) during the expansion process (LC-LE phase to LE phase). Still, there are little or no difference on NP-DPPC monolayer interactions during this expansion process. This is quite different from the case of the compression process. During both expansion processes (LC→LE and LC-LE→LE), the systems become more and more sparse. It is this difference that makes NPs penetrate the DPPC monolayer easily without disrupting the monolayer much.
DISCUSSION
There are clear differences about NP-DPPC monolayer interactions during the compression (Figs 1 and 2 ) and the expansion (Figs 3 and 4) processes. During the expansion processes, all considered NPs show no or little influence on the structural properties and the normal phase transition of the interfacial DPPC molecules. Rather, hydrophobicity of the NPs determines their ability of penetrating the DPPC monolayer. It was found that the hydrophobic NPs immerse themselves in the hydrophobic tails of the interfacial DPPC molecules, while hydrophilic NPs adsorb onto the hydrophilic head-groups of the interfacial DPPC molecules. This finding is in good agreement with previous in-vitro, in-vivo and in-silico translocation results [39, 46, [54] [55] [56] [57] [58] .
During the compression processes, the shape of NPs plays an important role in the structural disruptions to the DPPC monolayer (Fig. 5) . The apparent structural disruptions can be classified into three types, which all inhibit the ARTICLES SCIENCE CHINA Materials normal phase transition of the interfacial DPPC molecules during the compression process. Types and are the most common cases, while type more probably happens to hydrophilic NPs (Probably because hydrophobic NPs do not prefer lipid tails). From our simulations, we find that types and are both evolved from type . Type may be considered as the first step that NPs induce structural disruptions to the DPPC monolayer. For hydrophobic NPs, the system could keep the type status or go further to type status; in some cases hydrophobic NPs (disk) Figure 3 Snapshots for the interactions of NPs of different shapes with the DPPC monolayer during the expansion process. The NPs are placed in the gas phase near the DPPC monolayer. Here, we consider two different phases of the DPPC monolayer at the initial state (LC phase and LC-LE co-existence phase). The phase differences of the DPPC monolayer at the initial state seldom affect the interactions between NPs and the DPPC monolayer.
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will be pulled back to the interface to get the maximum contact area with lipid tails if they do not rotate properly in the type status. For hydrophilic NPs, they do not prefer the lipid tails; they either cross the monolayer to form the type II status or move back to the interface to minimize the contact with the lipid tails and form the type I status.
And the detailed relationships between these three types of structural disruptions are summarized in Fig. 5a . The differences of the structural disruptions to the DPPC monolayer by NPs of various shapes together with their transmembrane dynamics can be ascribed to two points: (1) Particle shape influences the capillary forces acting on par- 
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ticles at the air-water interface, which is important for NP dynamics [23, 24] . (2) Particle shape affects the rotation and orientation abilities of NPs on the membrane [25, 26, 29] . As summarized in It should be noted that the respiratory translocation pathway for inhaled NPs also consists of the alveolar epithelium cells, extracellular basement membrane, and capillary endothelium cells. The PS film at the air-water interface of alveoli is only the initial barrier of this pathway. The roles of particle shape in affecting surfactant films may be different for the interactions of particles with other barriers during this pathway, which makes the actual translocation behavior of engineered NPs very complex. For example, Adriani et al. [34] found that disk-like particles showed better targeting efficiency to the diseased microvasculature compared with spheres and rods. Agarwal et al. [59] found that mammalian epithelial and immune cells preferentially internalize disc-shaped, negatively charged hydrophilic NPs of high aspect ratios compared with nanorods and lower aspect-ratio nanodiscs. The behavior of disk-like NPs in other barrier of this pathway is quite different from that in pulmonary surfactant reported in this work. Besides, there are also some consistent reports about shape effects on different lung structures. For instance, rod-like NPs appeared to adhere more effectively to the surface of endothelial cells of blood vessels and could be used for targeting the tumor vasculature [32, 33] . This once again shows great promises for the applications of rod-like NPs to respiratory therapeutics.
CONCLUSION
With coarse-grained molecular dynamics simulations, we found that the length-to-diameter aspect ratio of cylindrical NPs could affect their penetration ability and structural disturbance on DPPC monolayers. Rod-like NPs show the highest penetration ability and the lowest side-effects to the DPPC monolayer. Furthermore, considering the advantages of rod NPs in targeting the tumor vasculature, rod NPs show great promises in respiratory therapeutics. 
